We report a quantitative evaluation of the clinical accuracy of a MRI-guided robotic prostate biopsy system that has been in use for over five years at the U.S. National Cancer Institute. A two-step rigid volume registration using mutual information between the pre and post needle insertion images was performed. Contour overlays of the prostate before and after registration were used to validate the registration. A total of 20 biopsies from 5 patients were evaluated. The maximum registration error was 2 mm. The mean biopsy target displacement, needle placement error, and biopsy error was 5.4 mm, 2.2 mm, and 5.1 mm respectively. The results show that the pre-planned biopsy target did dislocate during the procedure and therefore causing biopsy errors.
INTRODUCTION
Prostate cancer is the most common non-skin cancer among American men. It is estimated that in 2009, 192 280 men will be diagnosed with the disease and 27 360 men will die of it. 1 Currently, the prostate-specific antigen (PSA) test and the digital rectal exam (DRE) are two common screening methods for prostate cancer. The PSA concentration in blood estimates the likelihood of prostate cancer. In DRE, the physician examines the patient to determine whether abnormal lumps are present. When either test shows abnormal results, needle biopsy is often performed to determine if a tumor exists and whether it is benign or malign. 2 Transrectal ultrasound (TRUS) is currently the standard imaging modality for guiding biopsy due to its low cost and ease-of-use. 3 However, because of the poor image quality of ultrasound, TRUS only has a detection rate of 20-30%. 4 Many studies have shown that this method misses the cancer in at least 20% of the cases. [5] [6] [7] Magnetic resonance imaging (MRI) provides an alternative approach to the detection and diagnosis of prostate cancer. MRI has high spatial resolution, excellent soft tissue contrast, and volumetric imaging capabilities. 8 Closed-bore MRI has confined physical space; therefore such approach requires robotic assistance. Krieger et al. developed an MRI-guided robotic prostate biopsy system in 2003 ( Figure 1) . 2 Since then, over 200 biopsies were performed with this system by the U.S. National Cancer Institute (NCI). The robot guides a biopsy needle through the rectum into the targeted locations within the prostate to collect tissue samples. However, due to patient motion and organ dislocation during the procedure, the needle does not always reach the targeted region. This paper reports a quantitative evaluation of the clinical accuracy for this MRI-guided robotic biopsy system. 
METHOD

Data acquisition
During the prostate biopsy procedure, the patient was first placed inside the MRI scanner in prone position to acquire a series of 2D high resolution T2 axial volumetric slices of the prostate. From this image volume, the clinicians selected the target point(s) for biopsy in RAS (Right, Anterior, Superior) coordinates and the robot was used to insert the needle. After the needle was in place, another set of 2D axial volumetric slices was taken to confirm needle placement. We used these pre and post needle insertion image sets to perform accuracy validation for the robotic prostate biopsy system.
Registration algorithm
A two-step 3D to 3D rigid registration using mutual information was performed using Insight Registration and Segmentation Toolkit (ITK) between the pre and post needle insertion image volumes ( Figure 2 ). Rigid registration was used because we found the main prostate motion during the procedure to be rotation and translation.
In the first step of our implementation, the pre-insertion volume was used as the moving image, and the post insertion volume as the fixed image. The region of interest for both volumes was consisted of the rectum, prostate, and pubic bone. This step compensates for the prostate motion in coherence with the device and patient. The resulting image was then registered again with the original fixed image but using the prostate as the region of interest. This corrects for any residual decoupled prostate motion during the procedure. Movement in the superior and inferior direction was penalized because the first step should already correct for it. a b Figure 2 . The workflow of the two-step 3D-3D rigid registration using mutual information between pre and post needle insertion images. The region of interest for the first step includes the prostate, rectum, and pubic bone. The prostate was used as the region of interest in the second step.
Registration validation
This was a challenging step because the prostate does not show apparent anatomical features and it can move independently of bone structures. Therefore typical methods such as using landmarks to evaluate the accuracy of the registration are not applicable here.
We choose to contour the prostate in the mid-section for both the fixed and moving image before and after registration. The overlay of the two gives us an idea of how well the registration has performed (Figure 3 ). The overlay should capture the correctness not only in the axial plane but also in the superior and inferior direction, since a misalignment of more than one image slice would also cause misalignment in the visible axial plane. We paid more attention to the anterior side of the prostate contour since it is more visible.
Biopsy error and prostate movement calculations
Biopsy needle placement error: The biopsy needle placement error was determined by the distance from the original target position to the biopsy needle trajectory line (Figure 4 ). This distance is of how much the robot had missed the intended target. The clinician selects the original target in RAS coordinates (where the center of the prostate is approximately the origin) from the pre-insertion volume. The needle trajectory line was obtained by using two needle tip coordinates from the post insertion volume.
Target displacement:
The target displacement was calculated as the distance between the original and transformed target (Figure 4 ). The transformed target was obtained by applying the transformations from registration to the original target. To examine the relationship between needle insertion and prostate movement, the target displacement was decomposed into two components: one parallel to the needle vector, and the other orthogonal to it. The orthogonal component was then further broken down into motions in the left-right, anterior-posterior, and inferior-superior direction in order to analyze the prostate movement that was not parallel to the needle.
Biopsy error:
The biopsy error was measured as the distance from the transformed target to the needle trajectory line (Figure 4 ). This is relevant for assessing accuracy since the tissue biopsy core is 1.5cm long. This number represents the distance between planned and actual biopsy location. 
RESULTS
Registration accuracy
A total of 20 biopsies from 5 different patients were evaluated. Based on contour overlay, the registration error was less than 2 mm for patients who have moved less than 5 mm between the two image volumes. There was 1 patient who had movements larger than 10 mm. The large motion had caused a slight deformation of the prostate; therefore rigid registration could not capture the transformations completely. Three of his biopsies were excluded from the biopsy error analysis in this study.
Biopsy accuracy
The mean needle placement error, target displacement, and biopsy error was 2.2 mm (range: 0.5-5.7 mm), 5.4 mm (range: 1.6-11.1 mm), and 5.1 mm (range: 1.6-11 mm) respectively. Figure 5a shows the histograms of these numbers for all biopsy cases.
Target displacement parallel and orthogonal to the needle insertion direction was also calculated. The average motion parallel to the needle direction was only 1.4 mm, whereas the average orthogonal motion was 4.5 mm. For the orthogonal component, 82% of the biopsies showed a positive movement towards the superior direction. Figure 5b shows the axial, sagittal, and coronal view of the orthogonal component in RAS coordinates. Table 1 is a summary of all the results from the biopsy accuracy analysis. 
DISCUSSION
The image slice thickness used in this study is 3 mm, and the diameter of a clinically significant tumor is between 2.5-5 mm. Since the average needle placement error (2.2 mm) is below both of these numbers, it can be considered as clinically acceptable. This confirms that the robot needle placement is accurate enough to hit the intended target. However, this measurement assumes that there was no prostate motion during the procedure. In reality, the prostate dislocates during the needle insertion, causing the target to move. Based on the cases studied, there was an average target displacement of 5.4 mm, which caused an average biopsy error of 5.1 mm.
By comparing the displacement components parallel and orthogonal to the needle insertion direction, it was found that the movement in the needle direction was not dominant. For the orthogonal component, the positive movement towards the superior direction shown by 82% of the biopsies can be explained since the needle was pushing out of the rectum towards the prostate in a superior-anterior direction, therefore forcing the organ to move along.
CONCLUSION
In conclusion, based on the transverse prostate contour overlay, our rigid registration algorithm using mutual information can capture prostate motion during biopsy when the patient movement is less than 5 mm. We also found that the preplanned biopsy targets dislocated during the procedure and that the prostate motion is different from patient motion and the needle insertion direction. This suggests that methods such as real time prostate tracking can be used to improve the targeting accuracy of the biopsy procedure.
NOVELTY AND ORIGINALITY
We developed a registration algorithm to determine prostate motion during biopsy and used this information to evaluate the targeting accuracy of an MRI-guided robotic biopsy system from the U.S. National Cancer Institute. This work has not been submitted for publication or presentation elsewhere.
